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ABSTRACT 
 
 The technical aspects correlated with the observed enhancement of mass density and 
critical current density in the filaments of in situ MgB2 wires by means of the recently 
developed Cold High Pressure Densification (CHPD) are reviewed. The present analysis first 
summarizes the results obtained by means of a short sample prototype device with anvil 
lengths of 39 mm. Pressures well above 1 GPa were applied to short wires, causing Jc 
enhancements between a factor 1.5 and 2.3 at 4.2 K and 8 T. At 20 K, the enhancement is 
much stronger and reaches a factor 3 for binary and 5 for alloyed MgB2 wires. Based on these 
results, an automatic machine has been developed allowing a sequential press/release/advance 
operation. With this machine, which has been very recently installed at GAP in Geneva, in 
situ MgB2 wires of lengths up to 10 meters have so far been successfully densified, 
confirming the Jc enhancements obtained with the short sample device. Using an improved 
anvil geometry, the wall friction was reduced with respect to the short sample prototype 
device, thus yielding the same Jc enhancements, but at considerably lower applied pressures: 
now, Jc max was obtained at 0.85 GPa, in contrast to values between 1.3 and 1.5 GPa for the 
short sample device. After densifying at this pressure, the value of Jc = 1 x 104 A/cm2 at 4.2 K 
was obtained at 13.2 T over 1 m length, thus corresponding to an enhancement by a factor 2.2 
with respect to the non pressed wire. The present results are promising in view of the 
application of CHPD to industrial wire lengths. 
 
        
KEYWORDS: MgB2 wires cold densification, high pressure treatment, critical current 
density, upper critical field.  
 
 
INTRODUCTION 
In the last years, various methods have been described for enhancing the critical 
current densities of in situ MgB2 wires and large efforts have been accomplished for 
producing long length conductors. Today, multifilamentary MgB2 wires and tapes are 
industrially produced in kilometer lengths by Powder-in-Tube (PIT) processes involving 
powder metallurgical filaments. Depending on the nature of the powder mixture, three 
different routes are known: ex situ, in situ and IMD (Internal Mg Diffusion).  
The aim of the present paper is to present the results obtained so far on the critical 
current density, Jc, of in situ MgB2 wires submitted to a densification process and to discuss Advances in Cryogenic EngineeringAIP Conf. Proc. 1435, 353-362 (2012); doi: 10.1063/1.4712116©   2012 American Institute of Physics 978-0-7354-1022-0/$0.00353
 the impact on the mass density in the filaments and on the superconducting transport 
properties. Since the mass densities in the filaments of wires prepared by the three 
mentioned fabrication processes are quite different, some aspects of the latter will be 
included in the present discussion. The results reported in the following have been obtained 
by densification at room temperature, with solid anvils acting simultaneously on all four  
sides of a square wire. As previously shown by electrical resistivity and specific heat 
measurements [2,3], the observed enhancement of Jc in binary and alloyed MgB2 wires is 
correlated to the enhancement of mass density [1], which is the cause of improved 
connectivity in the filament. In the present paper, the accent will be put on the technical 
aspect of densification of short and long wires, the physical aspect having been discussed in 
Refs. [2] and [3]. 
The first results were obtained on a short sample prototype cell, the lengths of the 
anvils pressing on the wire being 39 mm. After densification, the pressure was released by 
removing the anvils, thus allowing a recovery of the wire without damage in view of 
transport Jc measurements. Based on the promising results with short wires (length: a few 
cm) [1,3], a new machine was developed for the densification of considerably longer wires, 
by means of an automatic press/release/advance mechanism.  
 
MASS DENSITIES, FILL FACTORS AND Jc IN VARIOUS MgB2 WIRE TYPES 
Historically, the first wires were produced by the ex situ process, where fine powders 
of already reacted MgB2 are filled in Fe [4] or Ni [5] tubes and recrystallized at temperatures 
around 950°C during short times (< 15 minutes). In order to prevent a reaction between Fe 
and Ni with the MgB2 filaments at these temperatures, a Nb barrier was introduced [5]. 
Presently, binary ex situ MgB2 wires are industrially produced by Columbus 
Superconductors Spa for applications at low magnetic fields, in particular for MRI magnets 
operating at temperatures up to 20 K [6]. Thorough ball-milling of the MgB2 down to 
submicron size was found to be highly beneficial for enhancing Jc [7], the larger number of 
contacts between the newly created surfaces of MgB2 grains leading to a better connectivity. 
Today, industrial binary ex situ multifilamentary wires [6] are prepared by inserting 
submicron MgB2 powders into Nb tubes, surrounded by Ni, together with OFHC Cu for 
thermal stabilization, the reaction occurring at 965°C for 4 min. Typical Jc values of these 
binary ex situ tapes are 3 x 104 A/cm2 at 4.2 K and 5 T [6]. 
The in situ technique was developed a few months later, the MgB2 powder mixture 
being replaced by Mg + B powder mixtures [8]. With respect to the ex situ route, this 
alternative has the advantage that the reaction to MgB2 occurs at considerably lower 
temperatures (600 – 700°C), thus reducing the thickness of the reaction layer at the metallic 
sheath. In addition, it was found that even at these temperatures, C can be substituted into 
the B sites of the MgB2 lattice, thus leading to a considerable enhancement of Bc2 [9]. The 
effects of a multitude of additives have been explored searching for the most effective way 
to substitute C in the lattice, starting with SiC [10], followed by several organic additives 
[11,12], among which malic acid [13,14] yields the best results. The highest Jc reported so 
far for monofilamentary in situ MgB2 wires was obtained by Susner [15], who used pre-
doped B powders of 100 nm size, produced by plasma spray synthesis. After thorough 
mixing and ball-milling in Ar atmosphere, monofilamentary wires of 0.83 mm diameter with 
a Nb barrier and a Monel outer sheath (MgB2/Nb/Monel) were manufactured. The reaction 
was performed at 700°C for 40 min, the final composition in the final MgB2 filament being 
2.54 mol % C. This wire exhibited the current density of Jc(4.2K) = 1 x 104 A/cm2 at 13.2 T 
(1 μV/cm criterion). Industrial binary and alloyed MgB2 wires using the in situ process are 
presently fabricated by Hyper Tech Research (USA).  354
 Table I. Relative mass density and MgB2 cross section in multifilamentary MgB2 wires prepared by various 
techniques. *) Density of industrial wires without densification treatment. **) The relative mass density in IMD 
wires is estimated from Vickers microhardness measurements. 
Technique Relative  MgB2  Ref. 
  mass density fill factor    
Ex situ ~ 70 - 80 % ~ 18 - 25%   [16] 
In situ ~ 45 - 50 %*) ~ 18 - 25 %  [1,16] 
IMD   > 90% ~ 10 - 12 %  [19,22]**) 
    
 
The critical current densities are expected to be further improved by the availability of 
B and Mg of higher quality and considerably smaller sizes, together with optimized methods 
to substitute C into the MgB2 lattice. However, a main factor limiting the transport 
properties in both the ex situ and in situ wires is the low mass density in the filaments, a 
common property of wires produced using powder metallurgical techniques. With respect to 
the theoretical mass density of 2.63 g/cm3, the relative mass densities in the MgB2 filaments 
of filaments produced by the standard techniques vary between ~45 and 50% for in situ 
wires [1,16] and up to 80% for ex situ wires [16,17]. The reason for the different mass 
densities is linked to the fact that ex situ filaments are formed by sintering already formed 
MgB2 grains, while the in situ technique involves a phase reaction process with a volume 
shrinkage of ~ 20% between the original Mg+B mixture and the final MgB2 phase [1,16]. 
Considerably higher MgB2 mass densities were achieved with the internal Mg 
diffusion (IMD) process [18,19], a modification of the infiltration process [20]. A Mg rod 
with a diameter of 2.0 mm is placed at the center of a metal tube, the hollow space between 
the metal sheath inner wall and the Mg rod being filled with a B+SiC powder mixture. The 
composite is cold worked into a wire of 1.3 mm diameter, after which these monocore wires 
are bundled and inserted into a Cu-Ni tube with a Ta barrier and then reacted at 645°C/1h. 
During the heat treatment, Mg diffuses into the B layer and reacts with B to form MgB2. A 
reacted layer with a thickness of 10 – 30 μm forms along the inner wall of the Ta sheath, and 
holes are formed at the center of each filament where the Mg core was located before 
reaction. The value of Jc at 4.2 K increases with reaction temperature and reaches a 
maximum at around 640°C [19]. There are no precise data about the mass density of the 
reacted MgB2 layer in IMD processed wires, but very high Vickers microhardness values 
were reported, of the order of 1300 kg/mm2[19]. For comparison, the Vickers microhardness 
values for bulk samples obtained by high temperature/high pressure treatments are 
somewhat higher (up to 1500 kg/mm2) [21], thus suggesting a very high mass density 
(relative mass density > 90%) in IMD filaments, thus confirming the values of Giunchi et al. 
[22]. The value of Jc in the reacted MgB2 layer of IMD wires is higher than for ex situ and in 
situ wires: Jc(4.2K) at 12 T was reported at 4.5 x 104 A/cm2 [19]. Table I summarizes the 
relationship between relative mass density and MgB2 fill factor in multifilamentary MgB2 
wires prepared by the ex situ, in situ and IMD techniques. Taking into account the lost MgB2 
cross section in IMD wires due to the central holes [19], it follows that the relative amount 
of MgB2 with respect to the total wire cross section is considerably smaller than the total 
surface occupied by the filaments: the fill factor for the superconducting layer is only 10 – 
12 %, which considerably lowers the engineering critical current density Je of IMD wires. 
 
COLD HIGH PRESSURE DENSIFICATION (CHPD) OF SHORT MgB2 WIRES 
In view of the enhancement of the mass density of MgB2 bulk samples and in situ  
filamentary tapes, numerous high temperature/high pressure attempts have been undertaken 355
 [21,23]. Recently, a new kind of treatment was introduced at GAP in Geneva, the Cold High 
Pressure Densification or CHPD technique [1]. The relative mass density inside MgB2 
filaments of in situ wires was enhanced from 48 to > 60 % for pressures well above 1 GPa, 
thus leading to strongly enhanced values of Jc. The efficiency of densification was not only 
demonstrated for monofilamentary, binary in situ MgB2 wires [1], but also for MgB2 wires 
alloyed with SiC [24], C [25] and malic acid [24,26]. More recently, the CHPD process was 
successfully applied to a binary 18 filament MgB2 wire [27]. 
 
1) Densification using the prototype pressure cell 
The short sample prototype pressure cell used in the earlier publications [1,2,3,23,25] 
is schematically drawn in Fig. 1. It was designed at GAP for the application of high 
pressures at room temperature, with solid anvils acting simultaneously on all four sides of a 
square wire. The choice of a square geometry has to be considered as a first step of 
development, for a systematical study of the densification effects under simplified 
conditions. The application of pressure on the wire (of round or square original shape) is 
followed by a pressure release, allowing a recovery of the wire without damage. This 
operation is time consuming, but allowed collecting a sufficient amount of data justifying 
the construction of an automatic machine for CHPD processing of long wires described 
below. In FIGURE 1, an upper anvil transmits the force F exerted by a hydraulic press to the 
sample, which was previously square shaped by means of a turks head. For our experiments 
on wires, the horizontal anvil width was 1 mm, but for the preparation of samples for 
specific heat and electrical resistivity, a horizontal width of 2 mm was chosen [2]. Since 
little or no wire elongation was observed after densification, the conditions of pressure 
inside the pressure cell are supposed to be nearly homogeneous, at least for wires with an 
initial square shape. 
 
 
2) The effect of densification on the properties of binary in situ MgB2 wires 
         The results of binary Fe/MgB2 wires densified by means of the prototype cell are shown 
in Table II. In general, higher Jc were obtained for wires which were previously square shaped 
by turks head. At 4.2 K, the value of B(104), the field at which Jc takes the value 1 x 104 
A/cm2, is enhanced by 0.6 T for pressures of 1.85 GPa at 4.2 K. The values of Jc at 4.2K/8T  
 
 
FIGURE 1. Schematic drawing of the short sample pressure cell, with 39 mm anvil length. After densification, 
the upper and the lateral anvils are removed, in order to allow transport measurements on the wire. 
 356
 Table II. Binary, monofilamentary in situ MgB2 wires, densified with the short sample press, reacted at 650°C 
for 1 hour. B(104) is the field at which the corresponding Jc values reach 1 x 104 A/cm2 (From Ref. [1]). 
Binary MgB2 wire P B(104) at 4.2 K Jc(4.2K) Jc(20K) 
(Jc = 1 x 104 A/cm2) at 8T at 4T 
[GPa] [T] A/cm2 A/cm2 
round 0 6.6 4 x 103 3.5 x 103 
1.85 7.1 (⊥) 6 x 103 9.5 x 103 
square 0 7.2   
2.35 7.6 (//)   
2.35 7.4 (⊥)   
 
and at 20K/4T are enhanced by a factor 1.5 and 3, respectively. The binary Fe/MgB2 wires 
were prepared in Geneva. Before densification, their size was 1.0 x 1.0 mm2. Their Jc vs. B 
behavior was almost isotropic (see square wire in Tables II and III). 
The effect of densification was found to vary depending on the wire parameters, e.g. 
matrix material, presence of a barrier, B quality, barrier material and thickness, fill factor, 
etc. This is illustrated by the different results obtained on a binary in situ MgB2 wire with a 
Monel/Nb matrix, furnished by Hyper Tech (Figure 2). In addition, this wire was prepared 
with nanosize B powders, in contrast to the Fe/MgB2, where the powder average size was 
0.9 μm, ranging from 0.5 to 5 μm. The different origin of the B powder and the smaller wire 
diameter of the Hyper Tech wire, 0.83 mm, may at least partly explain the difference in the 
absolute values of Jc. The most remarkable difference is the enhancement of Jc, which is 
enhanced by a factor 1.8 at 4.2K/8T after densification (FIGURE 2). The individual wire 
parameters have a strong influence on the enhancement of Jc in densified wires, as illustrated 
by our recent study of on a binary 18 filament MgB2wire with a Monel/Nb matrix [25] (see 
also FIGURE 3), where the Jc enhancement at 4.2K/8T was as high as 2.3, i.e. considerably 
higher than for the monofilamentary wire shown in FIGURE 2. When comparing the results 
of the binary wires discussed here, it can be recognized that Jc at 4.2 K and 8 T after 
densification with pressures around 1.5 GPa increases by a factor 1.5, 1.8 and 2.3. More 
work is necessary to elucidate the causes of this behavior. 
 
FIGURE 2. Binary, monofilamentary Monel/Nb/MgB2 wire from Hyper Tech, at p = 0 and after densification at 
1.6 GPa. At 8 and at 10 T, Jc is enhanced by a factor 1.8 and 2.3, respectively. 357
 Table III. Densified wires of MgB2 alloyed with 10 wt.% C4H6O5. Values of Birr//, Birr┴ and the fields B(104)// and 
B(104)┴ at 4.2 and 20K, pressed by 4 hard metal anvils (prototype press) at a pressure of 2 GPa, reacted at 600°C 
for 4 hours). B(104) is the field at which the corresponding Jc values reach 1 x 104 A/cm2 at 4.2 and 20 K, 
respectively. Pressure was applied on wires with initially square shape (From Ref. [3]). 
MgB2 wire,  P Birr B(104) Jc(4.2K) Jc(20K)
Malic acid  [GPa] [ T ] [ T ] at 10 T at 6 T 
    4.2 K 20 K 4.2 K 20 K A/cm2 A/cm2 
Initial Shape   // ┴ // ┴ // ┴ // ┴     
Square 0 21.2   7.7   11.5   4.63   2.2x104 1.9x103
Square 2 22 21.6 10 9.6 12.7 12.5 5.9 5.75 4.6x104 1.1x104
 
3) The effect of pressure on the properties of alloyed in situ MgB2 wires 
 
MgB2 wires alloyed with C, SiC and malic acid have been densified using the short 
sample prototype device [3]. The strongest effect was measured for wires from Hyper Tech 
with 10% malic acid (C4H6O5) additives with a Monel/Nb sheath. The results were published 
in Ref. 3 and are summarized in Table III. 
After the application of 2 GPa, this malic acid alloyed MgB2 wire showed the highest 
Jc values reported so far for in situ wires [3]: at 4.2 K, the value of Jc = 1 x 104 A/cm2 was 
raised from 11.8 to 13.4 T (criterion 0.1 μV/cm). If 1 μV/cm, the criterion used in most 
publications, is applied, the same Jc is observed at 13.85 T. The results for densification at 
20 and 25 K are much stronger and are reproduced in FIGURE 4.  
 
COLD HIGH PRESSURE DENSIFICATION (CHPD) OF LONG MgB2 WIRES 
After densification, it was already reported in earlier articles [1,3,26] that no microcracks 
could be detected in the transition region between pressed and unpressed filament, neither by 
optical nor by SEM microscopy. This was also the case for repeated pressing steps on the 
same overlapping region. This forgiving behavior of the Mg+B core opens the way to the 
densification of much longer, possibly industrial wire lengths.  
 
 
FIGURE 3. Jc vs. B at 4.2 K for a binary 18 filament in situ MgB2 wire, at p = 0 and after CHPD at 1.5 GPa. The 
B(104) values are 8.5 and 8.2 T for // and ⊥ field orientation with respect to the wider surface (Criterion for Jc: 
0.1 µV/cm). Data with a criterion of 1 µV/cm are also shown for 1.5 GPa (triangles). (From Ref. [25]). 358
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          The machine consists of two independent hydraulic systems with a vertical 40 ton 
press and a horizontal 16 ton press, acting on 4 hard metal anvils. The present set of anvils 
has an effective pressing length of 70 mm, the horizontal width being 1.0 mm. The travel 
distance between two pressing steps is 14 mm and the duration of the press/release/advance 
cycle is 2.3 s, thus allowing the densification of slightly above 20 m/h, or close to 200 
m/day. The present system allows a wide range of parameters, and a considerable 
enhancement of the total pressing length is possible.  
The anvil configuration in the automatic machine was designed to minimize the wall 
friction between the upper anvil and the two lateral anvils. As a result, it is now possible to 
get a very similar enhancement of Jc as for the prototype device, but with considerably 
reduced applied pressures. As shown in FIGURE 6 on the same monofilamentary MgB2 
wire with malic acid additions as in Table III, Jc after 0.85 GPa is already enhanced by a 
factor 2.2, which corresponds to the result with 1.5 GPa using the short sample device. This 
means that the effect of friction between the anvil walls has to be subtracted in order to 
determine the pressure acting in reality on the wire. It follows that the pressures indicated in 
our earlier articles using the short sample prototype device appear as being too high, being 
partly due to wall friction and should be corrected in order to describe the pressure 
effectively acting on the wire. 
In view of the densification of long wire lengths, the fact to work below 1 GPa is a 
very positive point: indeed, the strong reduction of applied pressures will strongly prolong 
the lifetime of the anvils. So far, wire lengths up to 10 meters were densified without any 
difficulties, the limitation being due amount of available prototype MgB2 wire with malic 
acid (C4H6O5) additive. From FIGURE 6, it is seen that Jc reaches a maximum for 0.85 GPa 
and then decreases for higher pressures, thus confirming earlier observations on wires 
pressed with the short sample device [1]. At the present state, we have not yet found an 
explanation for this behavior. Although earlier investigations failed in detecting microcracks 
[1], their presence in these new wires densified with another anvil configuration cannot be 
excluded and is presently the object of further investigations.  
 
FIGURE 6. Jc vs. applied field B for a monofilamentary in situ MgB2 wire with C4H6O5 additions, densified at 
pressures from 0.85 to 1.5 GPa with a modified anvil configuration over a length of 1 m with a forward 
movement of 14 mm by using the automatic press/release/advance machine. 360
  
FIGURE 7. Jc vs. applied field B for an in situ MgB2 wire with 2% C additions, densified at 1 GPa over a length 
of 10 m with a forward movement of 14 mm by using the automatic press/release/advance machine. Reacted at 
600°C for 4 hours. The 0.83 mm dia. wire had a Monel sheath and a Nb barrier. 
The ability of the new machine to densify long wire lengths was demonstrated on 
multifilamentary MgB2 wire (30 filaments) from HyperTech with a fill factor of 15.4 %, 
prepared using a 2 % C added B powder. The densified wire length of 10 m was only limited 
by the availability of this kind of wire. The value of Jc of this prototype wire was markedly 
lower than that of the wire reported in Ref. [3], and Jc after densifying at 1.0 GPa was only 
enhanced by a factor 1.4. However, in view of me large number of densified samples with 
very different configurations and additives, it is concluded that this smaller enhancement is 
linked to the low quality of this particular wire. 
The results in FIGURE 7 show for the first time that Cold High Pressure Densification 
(CHPD) with a sizeable enhancement of Jc can be performed over longer lengths. The 
present densification results have been obtained on wires with a square cross section, which 
corresponds to the simplest geometrical configuration. Since for particular practical 
applications round wires may be requested, a long term goal in our laboratory is the 
densification of round wires: this requires demanding studies, on the anvil geometry as well 
as on the wire constituents. 
 
CONCLUSIONS 
After having obtained considerable improvements of Jc on short in situ MgB2 wires 
treated by Cold High Pressure Densification (CHPD), the process has been extended to long 
wires. A new type of machine with two independent hydraulic systems was constructed, 
allowing the densification of long wire lengths with an automatic press/release/travel 
sequence. Although pressures well above 1 GPa are possible, applications on industrial 
lengths have to be limited to values below 1 GPa, in order to obtain a long lifetime of the high 
pressure anvils. In spite of the occurrence of overlapping pressure zones, no particular adverse 
effects on Jc were observed. The present experiments have been performed on a C4H6O5 
alloyed MgB2 wire of 10 m length, the pressure being 1.0 GPa. The small variation of Jc along 
the wire can be considered as proof for the applicability of CHPD to industrial wire lengths. 
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